The compatibility for these blends series was also discussed. Finally, it is concluded that high-vinyl polybutadiene rubbers with 70% vinyl content, and its blend compounds are suitable tire materials for low fuel consumption, because of the excellent balance of low rolling resistance and high wet grip.
INTRODUCTION
In the first half of the '70s, European synthetic rubber producers tried to produce medium vinyl polybutadiene rubbers as an alternative of conventional styrene-butadiene rubber, because of the shortage of styrene monomer supply (ref. 1) . After that, new requirements to endow low rolling resistance and high wet skid resistance for passenger-car tires appeared particularly in the US from the viewpoints of low fuel consumption and of safety car driving. It has been believed (ref.
2) that the above mentioned critical properties of passenger-car tire rubbers are closely related to the glass transition temperature Tg of the rubber. According to the careful studies on the structure-property relationship for polybutadiene rubbers having various micro-and macro-molecular structure, however, it has been found that T9 is not the sole decisive factor.
Polybutadiene rubbers with high-vinyl contents (abbreviated as V-BR hereafter) exhibit both the low heat build-up and high wet skid resistance. This implies that V-BR is well suited for passenger-car tire treads. Polybutadiene rubber with 70% vinyl content was produced as the first commercialized rubber for passenger-car tire by NIPPON ZEON CO., LTD. in 1980, aiming at the low rolling resistance and high wet traction.
This report describes the relationships between micro-and macro-structure and physical/mechanical properties for high-vinyl polybutadiene rubbers and their blends. All the experiments have been done by NIPPON ZEON Co.,Ltd. and the excavation of data and discussions have been made by Sub Group meeting in JAPAN of IUPAC Working Party IV-2-1.
EXPERIMENTAL

Materials
Polybutadiene rubber samples with various vinyl contents were prepared by polymerizing 1,3-butadiene in hexane or benzene with a n-butyl lithium catalyst in combination with diglyme (diethylene glycol dimethyl ether) at 40 °C. The molecular characteristics of the polybutadiene samples are shown in Tables 1 and 2 . Commercially available high cis-1,4-polybutadiene Nipol BR-1220), high cis-1,4-polyisoprene (Nipol IR-2200), natural rubber (RSS#3), and emulsion polymerized styrene-butadiene rubber (Nipol 5BR-1502) were used for preparing blend samples and for a comparison of results. These raw rubbers were mixed with carbon black and other ingredients by a labomixer of Banbury type and an open roll, and were press-cured for preparing test specimens. The test formulation is shown in Table 3 . (1) 13CNMR spectra were obtained with a NIPPON DENSHI (Model FX-100) spectrometer for 7% solution in deutero-chloroform at room temperature.
Other measuring conditions are 25 MHz, 45 °p ulse ( 7 microsec), 10 sec repetition time and sweep width of 400 Hz. The vinyl contents of the samples were calculated from the peak intensities in 132 128 ppm region and those at 143 and 114 ppm. These peaks are assigned to the unsaturated carbon of 1,4-bond and of vinyl group, respectively (refs. 4, 5) . The 13C-NMR spectrum of 45.7% vinyl polybutadiene is shown in Fig.1 . Fig. 1 '3C-NMR spectrum of polybutadiene rubber of 45.7 % vinyl content. The molecular weight and its distribution were measured at room temperature, by use of a JASCO GPC equipped with a differential refractometer connected to a TOYO SODA (Model LS-8) low angle laser light scattering photometer (LALLS). Concentration of sample solution was 0.1 % in chloroform. The columns used were SHODEX-M8OA x 2, and the flow rate was 1 ml/min.
The fractional molecular weight Mi of each elution volume count can be obtained from the following equation:
where (k2K/k1) is a constant relating to the instrument constant and the polymer-solvent system, hiLS and hiU denote the scattering intensity of LALLS and the amplitude of differential refractometer record, respectively.
The number-average molecular weight Mn and the weight-average molecular weight Mw were calculated from the following equations, respectively:
As a measure of molecular weight distribution, Mw/Mn was used. The measurements were performed at ÷0.2 % extensional strain amplitude superimposed on 10 % static strain at the frequency of 100 Hz.
Glass transition temperatures
Rebound resilience was measured using a DUNLOP tripsometer at a temperature range of 17 83 °C. Wet skid resistance was measured at room temperature using a STANLEY LONDON portable skid tester with a safety walk track. Heat build-up was measured by a GOODRICH flexometer at 100 °C ( 25 lb load, 17.5 % stroke, and 1,800 rpm).
A JEM-7A model electron microscope was used for observing the phase structures of blends using ultra-thin sections of osmium tetraoxide stained samples.
RESULTS AND DISCUSSION
Microstructure and glass transition temperature Vinyl contents estimated from 13C-NMR are plotted against those estimated from IR for various polybutadiene samples in Fig. 2 . It can be seen that correlation of the two methods becomes worse at high vinyl contents showing that the IR method provides higher value than the NMR method.
Relations between the glass transition temperature measured by DSC and the vinyl contents measured by IR and NMR methods are shown in Fig. 3 . The data by IR method () show a deviation in the high vinyl ( > 60 % ) region. On the other hand, the plots of Tg against vinyl contents measured by NMR method (o ) seem to make a smooth curve as is seen in Fig. 3 . We may conclude that the NMR method is better than the IR method to evaluate vinyl content. The solid line in Fig. 3 
where K,the ratio of expansion coefficients is assumed to be 0.5. The rebound resilience decreases with increasing vinyl content, in other words, with increasing Tg (see Fig. 3 ). temperatures between the two methods. Namely, the rebound resilience was measured at room temperature, but the heat build-up was measured at 100 °C with cyclic deformation (1,800 rpm) under 25 lb pre-load.
More detailed study on the effect of molecular structure on physical properties was made. The samples employed here are listed in Table 1 .
As is seen in this table, the vinyl content and the molecular weight (Mw) were varied from 55 % to 80 % and from 1x105 to 4x105, respectively. Mooney viscosity (ML1+4,100 °C) which can be considered as a measure of molecular weight, was varied from 11 to 113. On the other hands, molecular weight distribution (Mw / Mn) was maintained within a relatively narrow range
From the results for the samples of Mw/Mn < 2 in Table   1 , the following experimental equation was derived for the relation between Mooney viscosity (ML14) and molecular weight (Mw). ML14 = 2.89 x 1010 Mw2' (6) Fig . 7 shows the rebound resilience levels of various V-BR at room temperature(17 °C) on the map of Mooney viscosity against vinyl content. It is clear from this figure that the rebound resilience of V-BR at room temperature(17 °C) predominantly depends on the vinyl content, but hardly depends on the Mooney viscosity. Contrary, the rebound resilience of the same samples measured at a higher temperature(80 °C) is much less dependent on the vinyl content as shown in Fig. 8 . This type of behavior has never been known for other rubber materials, and seems to be one of characteristic features of V-BR.
In Fig. 9 , the heat build-up levels decrease with the increase of vinyl content and Mooney viscosity. This tendency of high vinyl polybutadiene rubbers on the heat build-up is quite opposite to that of other rubbers generally known so far. The effect of the molecular weight distribution on the rebound resilience was examined by use of the samples, whose Mooney viscosity and molecular weight distribution are shown in The effects of Mw/Mn on the rebound resilience at 23 °C and 82 °C are shown in Fig. 10 , which shows that so far as the vinyl content remains unchanged, Mw/Mn does not affect the rebound resilience at room temperature (23 °C), but considerably affects it at higher temperature (82 °C).
Through the experimental results of Figs. 7 to 10, it can be concluded that the rebound resilience of V-BR at around room temperature is not affected by macro-molecular quantities such as M, Mw/Mn and ML, but is dominantly affected by micro-molecular structure such as vinyl content. On the contrary, the rebound resilience at higher temperature than 60 °C is affected by macro-molecular quantities, and is less affected by microstructures. This phenomena might be explained by considering the difference between the measuring temperature and Tq. The facts means that the highvinyl polybutadiene rubbers are acceptabTe as low rolling resistance tire tread materials, in spite of their high Tg values.
Wetskid resistance Next, we describe the relation between the molecular structures of the polybutadiene rubbers and the wet skid resistance, which is another important property of tire rubber for passenger-car. Relationship between the wet skid resistance and the glass transition temperature Ta is shown in Fig. 11 for several types of rubbers. It is seen that fhe wet skid resistance reaches the highest value at Tg of around -30 °C. In the case of V-BR, the rubber with approximately 70 % vinyl content has the Tg corresponding to the highest value. This is a new fact which needs more consideration. According to the theoretical and experimental approaches to wet grip performance of tire by Bond et al. (ref.6) , the total frictional force Ft generated at the tire-road surface interface under wet sliding conditions can be approximated by:
where Fa is the frictional force due to the tread adhesion component, and Fmh is the frictional force due to the tread micro-hysteresis component under sliding conditions and is believed to be proportional to the loss factor. Thus, the important parameter relating to the wet skid resistance of tread rubbers is the loss factor at appropriate frequency and temperature. It has been considered (ref. 6) that very high frequency deformation (50 kHz to 1 MHz) are generated at tire-road surface interface by the road surface microtexture (10 to 10 m).
Considering the well known time (frequency) -temperature superposition principle, the reason why the wet skid resistance reaches the highest value at the Ta range (-40 °to -20 °C ) can be understood. The mechanical loss factor of a rubber reaches the maximum value at the temperature range of Tg +10 °t o 20 °C when the viscoelastic properties are measured at the frequency of 100 Hz (see Figs. 18 and 19) . Therefore, if the temperature dependence of the viscoelastic properties of V-BR with a Tg around -40 °to -20 °C is measured at a frequency range of 50 kHz to 1MHz, corresponding to the wet skid condition, the maximum value of the mechanical loss factor will be seen at around room temperature.
Commercially available high-vinyl polybutadiene rubber Nipol BR-1240 (NIPPON ZEON CO.,LTD.) has the vinyl content of about 70 % and Tg at -35°C.
Blends
We studied the characteristics of V-BR/C-BR and V-BR/IR blends, based on the above mentioned results. The relationship between the rebound resilience at room temperature (23 °C) and the wet skid resistance of the blend series compared with the conventional SBR/C-BR blends is shown in Fig. 12 . SBR/C-BR series show a linear relationship with a minus slope, but V-BR/C-BR and V-BR/IR blend series show relationships given by the curves convex upward. Consequently, V-BR/C-BR and V-BR/IR blends reveal a good balance of these two properties shifted to practically desirable direction (high rebound and high wet skid resistance) for tire application. ETGCPOU wcoäLbp Fig. 13 shows the relationship between the rebound resilience at 80 °C arid the wet skid resistance. It can be seen that tire of V-BR/IR blend shows a remarkably lower rolling resistance (high rebound) and high wet grip than the conventional SBR/C-BR blend tire.
Compatibility
The glass transition temperature, and the temperature dependence of viscoelastic properties of the rubbers were measured to study the compatibility of the blends series. Systematic DSC curves of polybutadiene rubbers with various vinyl contents are shown in Fig. 14. The glass transition temperatures used in Fig. 3 were evaluated from this figure. Fig. 20 shows an electron micrograph of V-BR/C-BR blend. The micro-hetero phase structure of the order of around 0.5 pm is observed as an evidence of incompatible blend series. In this micrograph, the dark parts show the C-BR phase stained by osmium tetraoxide. On the other hand, V-BR/IR blend as indicated in Fig. 21 shows homogeneous phase suggesting a compatible series. Another feature observed in these figures is that most of the carbon black particles are present in the C-BR phase. These heterogeneous structural features of V-BR/C-BR blend are considered to be related to some physical properties of vulcanizates.
